Abstract: Mexico has a wealth of Capsicum species, which has led to the development of a large number of chili pepper landraces. A great wealth of Capsicum germplasm can be found in southern Mexico in the Yucatan Peninsula, an important area of diversification of Capsicum annuum. Specifically, in the western Yucatan Peninsula, three of the five domesticated species of Capsicum (C. annuum, C. chinense and C. frutescens) have been reported. However, information on their genetic diversity, conservation status and potential use is lacking. To generate useful information toward the sustainable use, management and conservation of these species, we evaluated the structure, diversity and genetic relationships of nine accessions of Capsicum spp., of major importance cultivated in the western Yucatan Peninsula using 42 ISSR loci. The results indicated that these accessions consisted of three genetic groups that were defined by the respective species of each accession. The level of genetic diversity was moderate and distributed mainly among accessions. The ISSR markers detected a high level of polymorphism and allowed the genetic differentiation of the C. annuum complex. The results indicated that the accessions collected in the western Yucatan Peninsula constitute a valuable genetic resource that can be used in genetic improvement and conservation programs.
Introduction
The genus Capsicum is native to Latin America and the Caribbean and includes 38 species, of which Capsicum annuum L., Capsicum chinense Jaqc., Capsicum frutescens L., Capsicum pubescens Ruiz & Pavon and Capsicum baccatum L., have been domesticated [1] . These species are believed to have come from three genetic lineages; C. pubescens and C. baccatum each represent a different lineage, and the third lineage is a genetic complex comprising C. annuum, C. chinense and C. frutescens [2] . C. annuum is the most widely grown species worldwide, and its center of domestication and genetic diversity is in Mexico [3] . In addition to C. annuum, numerous cultivated chili peppers and wild populations of Capsicum species in Mexico represent a vast reservoir of morphological and genetic diversity that can be used for genetic improvement of Capsicum species [4, 5] .
In Mexico, Aguilar-Meléndez [6] considered the Yucatan Peninsula (Yucatán, Campeche and Quintana Roo states) as an important region of domestication and diversification of Capsicum annuum. Despite this importance, very few studies have focused on the genetic diversity of Capsicum throughout the entire Peninsula; instead, the central area of the Yucatan Peninsula, that is, Yucatan state [7] [8] [9] , has received all the attention. Thus, the total diversity present in the entire Yucatan Peninsula, inclusive of the other two states (Campeche and Quintana Roo states), is still unknown.
In Campeche State, in the western part of the Yucatan Peninsula, the presence of the C. annuum, C. frutescens and C. chinense species has been reported [10] ; however, until now, the genetic diversity of these species has not been studied. Previous studies on the genetic diversity of Capsicum present in the Yucatan Peninsula have been based solely on phenotypic traits, which are influenced by the environment, thus complicating the evaluations [11] . As DNA-based technology has revolutionized the evaluation of genetic diversity through the use of molecular markers [12] , intersimple sequence repeat (ISSR) markers have proven to be very useful for characterizing germplasm and estimating inter and intraspecific genetic diversity in Capsicum species [9, [13] [14] [15] . ISSRs are dominant markers, based on the amplification of DNA through the use of a single primer composed of a microsatellite (SSR) sequence, that allows the detection of polymorphisms without prior knowledge of the DNA sequence [16] . Hence, the objective of the present study was to evaluate the structure and genetic diversity of new landraces of Capsicum spp., collected in the western region of the Yucatan Peninsula.
Materials and Methods

Plant Material
Chili pepper landraces were collected in four Mayan areas (Calkiní, Campeche, Escárcega, and Palizada) of Campeche state in western Yucatan Peninsula, where farmers are still growing landraces of chili pepper within their traditional agricultural system. The germplasm collection included nine accessions of Capsicum spp. (Figure 1 ). Seven accessions belonging to C. annuum (local names: Bobo, Bolita, Dulce, Verde, Xcat'ik1, Xcat'ik2 and Maax), one accession belonging to C. frutescens (local name: Pico paloma) and one accession belonging to C. chinense (local name: Rosita). We included only these nine chili pepper landraces because they are the most representative of the region and the most cultivated and economically important in the Yucatan Peninsula. 
DNA Extraction and ISSR Amplification
Twenty seeds of each accession were germinated in a greenhouse at the Colegio de Posgraduados campus Campeche, Mexico. Because some plants died and others had problems with pests or diseases, genomic DNA was extracted from young leaves of eight individual plants of each 
Twenty seeds of each accession were germinated in a greenhouse at the Colegio de Posgraduados campus Campeche, Mexico. Because some plants died and others had problems with pests or diseases, genomic DNA was extracted from young leaves of eight individual plants of each accession using the CTAB protocol [17] modified as follows: 2.5 g of frozen and pulverized leaf tissue was incubated for 40 min at 65 • C in 25 mL of CTAB buffer (Tris HCl pH 8.0 100 mM, NaCl 1.4 M, EDTA 50 mM, β-mercaptoethanol 0.5%, CTAB 1.5%, PVP 40% pH 5.0). RNAse (25 µg/mL) was then added and the mixture incubated for 20 min with continuous rotary shaking. Two extraction steps with 10 mL of chloroform-isoamyl alcohol (24:1) were done, followed by DNA precipitation with 0.8 volumes of isopropanol at 25 • C for 1 h. The DNA pellet was collected by centrifugation at 13,000 rpm for 10 min at 15 • C, then washed twice with 70% ethanol and suspended with 500 µL of sterile deionized water. The quality of DNA was verified by electrophoresis in 1% agarose with 0.5× Tris-borate-EDTA buffer (0.5× TBE: 100 mM Tris-borate, pH 8.0, 2 mM EDTA) and staining with Uview 6× loading dye (BioRad, Hercules, CA, USA).
For PCR amplification of 10 ISSR primers that have previously yielded good amplification and high levels of polymorphism for Capsicum spp. [13, 18] , four were selected that yielded good amplification and high levels of polymorphism for all accessions of Capsicum spp., evaluated, after a preliminary test [CTC(GT) 8 , (GC) 2 CGCCGCCGCC, TACA(GCA) 3 G and 823]. The PCRs were carried out using the ISSR method described by Dias et al. [13] , Thul et al. [19] and Yao et al. [18] , in a total volume of 20 µL containing 10 µL of iTaq Universal SYBR Green Supermix (Bio-Rad), 2 µL of ISSR primer, 1 µL of template DNA (50 ng/reaction), and 7 µL of ultra-pure water. The conditions for amplification in a thermal cycler C1000 Touch (BioRad) were 4 min at 94 • C for initial denaturing, 35 cycles of 2 min at 94 • C, 1.5 min at 52 or 54 • C (depending on the primer used) for annealing, 2 min at 72 • C, and a final extension of 5 min at 72 • C. The products were separated by electrophoresis in 1.5% agarose gel with 1× TBE buffer at 110 V for 45 min and stained with Uview 6× loading dye (BioRad). A 1 kb molecular marker standard was included in each gel, and bands were visualized using the Gel Doc EZ Imager program (BioRad). For interpreting the results, each ISSR band was considered as an independent locus, and polymorphic bands were scored as absent (0) or present (1) for all samples. Only clear and reproducible bands were used for the analysis.
Data Analysis
Genetic Structure Analysis
The genetic structure was analyzed using two methods. First, the data were analyzed using an individual assignment test with STRUCTURE v. 2.3.4 software [20] , which uses a Bayesian clustering approach to assign individual genotypes to a predefined number of populations (K), each one characterized by a set of allele frequencies at each locus. To infer the number of K populations, we used the ancestry admixture model with correlated allele frequencies. For each K value (K = 2 to 9), 10 independent simulations were evaluated. To obtain reliable data, each simulation consisted of a burn-in period of 10,000 replications and a run length of 100,000 Markov Chain Monte Carlo (MCMC) steps. The optimal value of K was determined according to Evanno et al. [21] using the program Structure Harvester v. 0.6.93 [22] . Finally, ancestry graphs for the optimum value of K were generated using STRUCTURE v. 2.3.4 software [20] . Second, data were analyzed using an analysis of molecular variance (AMOVA) in GenAlEx 6.5 software [23] considering two levels: between accessions and within accessions.
Genetic Relationship Analysis
The genetic relationships among different Capsicum spp. landraces were analyzed with a UPGMA (unweighted pair group method with arithmetic mean) dendrogram using the Dice similarity coefficient. The tree topology was evaluated with 1000 bootstrap replicates using the PAST program [24] . To Agronomy 2019, 9, 376 4 of 11 support the results obtained with the UPGMA, a principal coordinate analysis (PCoA) was performed with GenAlEx 6.503 [23] .
Genetic Diversity Analysis
Genetic diversity was evaluated at two levels: (1) landraces and (2) observed groups through allelic richness indices: percentage of polymorphic loci (%P); observed number of alleles (Na); effective number of alleles (Ne); and the better estimators of genetic diversity for analyzing dominant markers [25, 26] , the Shannon-Weaver diversity index (I) and average heterozygosity (H Bay ), with a Bayesian approach [27] . The allelic richness indices and Shannon-Weaver diversity index were obtained using the POPGENE v. 1.31 program [28] . The average heterozygosity (H Bay ) was calculated using AFLPSURV v. 1.0 [29] .
Results
Genetic Structure of Capsicum Species Landraces Cultivated in the Yucatan Peninsula
The genetic structure of all accessions was analyzed without any prior classification to identify the optimal number of populations (K). The method of Evanno et al. [21] showed a clear peak at the optimum value of K = 3 and a second peak at K = 6 for the nine accessions analyzed, indicating the existence of three genetically distinct groups and sub-clustering within the three main groups ( Figure 2 ). effective number of alleles (Ne); and the better estimators of genetic diversity for analyzing dominant markers [25, 26] , the Shannon-Weaver diversity index (I) and average heterozygosity (HBay), with a Bayesian approach [27] . The allelic richness indices and Shannon-Weaver diversity index were obtained using the POPGENE v. 1.31 program [28] . The average heterozygosity (HBay) was calculated using AFLPSURV v. 1.0 [29] .
Results
Genetic Structure of Capsicum Species Landraces Cultivated in the Yucatan Peninsula
The genetic structure of all accessions was analyzed without any prior classification to identify the optimal number of populations (K). The method of Evanno et al. [21] showed a clear peak at the optimum value of K = 3 and a second peak at K = 6 for the nine accessions analyzed, indicating the existence of three genetically distinct groups and sub-clustering within the three main groups ( Figure  2 ). Figure 3 shows the ancestry coefficients of the 72 samples analyzed for the nine accessions studied; three genetically differentiated groups and six subgroups within the three main groups can be observed, with ancestry coefficients close to 100% in each group. Accessions Bobo, Dulce, Maax, Verde, Xcat'ik1, and Xcat'ik2 formed the first group with three subgroups (1A formed by Bobo and Dulce, 1B formed by Maax and Xcat'ik2, and 1C formed by Verde and Xcat'ik1); Bolita and Pico Paloma accessions formed a second group with two subgroups (2A and 2B); and Rosita formed a third group. Figure 3 shows the ancestry coefficients of the 72 samples analyzed for the nine accessions studied; three genetically differentiated groups and six subgroups within the three main groups can be observed, with ancestry coefficients close to 100% in each group. Accessions Bobo, Dulce, Maax, Verde, Xcat'ik1, and Xcat'ik2 formed the first group with three subgroups (1A formed by Bobo and Dulce, 1B formed by Maax and Xcat'ik2, and 1C formed by Verde and Xcat'ik1); Bolita and Pico Paloma accessions formed a second group with two subgroups (2A and 2B); and Rosita formed a third group. The AMOVA results indicated that 92% of the total variation was distributed among the accessions and only 8% within the accessions (Table 1) , indicating high genetic differentiation among the accessions analyzed. 
Genetic Relationships
The UPGMA tree (Figure 4 ) grouped the nine accessions into three major groups (identified by capital letters A, B and C), showing a general grouping based mainly on the genetic constitution of the species to which each accession belongs. Group A consisted of the Rosita accession (Capsicum chinense Jacq.), which was the most divergent of the accessions. Group B consisted of the Bolita and Pico Paloma accessions, which belong to different species (Capsicum annuum and Capsicum frutescens, respectively); both were collected in the same geographical region and could be the result of interspecific crossing, which could explain the high similarity between them. Group C comprised six accessions of Capsicum annuum, with two subgroups. Subgroup C1 consisted of accessions Xcat'ik2, Dulce and Bobo, and subgroup C2 consisted of accessions Verde, Xcat'ik1 and Maax. In this way, the first group included the accessions of the third group previously defined in the Structure results, the second group included the accessions of the second group in the Structure results, and the third group included the accessions of the first group in the Structure results. The AMOVA results indicated that 92% of the total variation was distributed among the accessions and only 8% within the accessions (Table 1) , indicating high genetic differentiation among the accessions analyzed. 
The UPGMA tree (Figure 4 ) grouped the nine accessions into three major groups (identified by capital letters A, B and C), showing a general grouping based mainly on the genetic constitution of the species to which each accession belongs. Group A consisted of the Rosita accession (Capsicum chinense Jacq.), which was the most divergent of the accessions. Group B consisted of the Bolita and Pico Paloma accessions, which belong to different species (Capsicum annuum and Capsicum frutescens, respectively); both were collected in the same geographical region and could be the result of interspecific crossing, which could explain the high similarity between them. Group C comprised six accessions of Capsicum annuum, with two subgroups. Subgroup C1 consisted of accessions Xcat'ik2, Dulce and Bobo, and subgroup C2 consisted of accessions Verde, Xcat'ik1 and Maax. In this way, the first group included the accessions of the third group previously defined in the Structure results, the second group included the accessions of the second group in the Structure results, and the third group included the accessions of the first group in the Structure results.
The PCoA indicated that the first two principal coordinates explained 64.63% of the cumulative total variation. The first principal coordinate (PCoA 1) explained 42.82% of the variation, while the second PCoA 2 explained 21.81% ( Figure 5 ). The results obtained in the PCoA support the UPGMA dendogram (Figure 4 ) by generating the formation of three main groups named A, B and C, with 100% similarity to the topology of the UPGMA. Group A consisted of the Rosita Accessions. Group B Agronomy 2019, 9, 376 6 of 11 comprised two accessions (Pico Paloma and Bolita) with two subgroups (B1 and B2). Group C consisted of accessions Xcat'ik2, Dulce, Bobo, Verde, Xcat'ik1 and Maax with two subgroups (C1 and C2). The PCoA indicated that the first two principal coordinates explained 64.63% of the cumulative total variation. The first principal coordinate (PCoA 1) explained 42.82% of the variation, while the second PCoA 2 explained 21.81% ( Figure 5 ). The results obtained in the PCoA support the UPGMA dendogram ( Figure 4 ) by generating the formation of three main groups named A, B and C, with 100% similarity to the topology of the UPGMA. Group A consisted of the Rosita Accessions. Group B comprised two accessions (Pico Paloma and Bolita) with two subgroups (B1 and B2). Group C consisted of accessions Xcat'ik2, Dulce, Bobo, Verde, Xcat'ik1 and Maax with two subgroups (C1 and C2). 
Genetic Diversity
The four ISSR primers generated a total of 42 loci; 37 were polymorphic and five monomorphic for all samples. The genetic diversity was analyzed at the accession level and at genetic group level as indicated by the Bayesian approach. At the accession level (Table 2) , Pico Paloma had the highest percentage of polymorphic loci and genetic diversity value (%P = 14.29 and I = 0.089, H Bay = 0.077), while in Xcat'ik1 and Rosita, the markers did not allow the presence of polymorphic alleles; therefore, Agronomy 2019, 9, 376 7 of 11 its genetic diversity was the lowest. Total level a high percentage of polymorphic loci (%P = 88) and moderate genetic diversity were observed (I = 0.44, H Bay = 0.0176). %P: percentage of polymorphic loci; Na: observed number of alleles; Ne: effective number of alleles; I: Shannon-Weaver index; HBay: average heterozygosity as proposed by Zhivotovsky [27] . Note: the number of samples for all accessions was eight.
At the genetic group level (Table 3) , group one formed by the species of C. annuum (accessions Bobo, Dulce, Maax, Verde, Xcat'ik1 and Xcat'ik2) had the highest percentage of polymorphic loci (%P = 54.76) and genetic diversity (I = 0.29 y H Bay = 0.19). The second group with species of Capsicum annuum and Capsicum frutescens (accessions Bolita and Pico Paloma) had %P = 38, I = 0.23 and H Bay = 0.17, and third group with only one species, Capsicum chinense (accession Rosita), had the lowest genetic diversity. 
Discussion
This study is the first analysis of the structure and genetic diversity of chilli pepper landraces germplasm from the western region of the Yucatan Peninsula. The results indicated that the genetic structure of the landraces was integrated into three main genetic groups. The low percentage of intra-accessions variation determined by the AMOVA is consistent with the results of Aguilar-Meléndez et al. [6] and can be attributed to the accessions belonging to different species; therefore, the greatest variation is expected to be among accessions. This result indicates that genetic structure is high at the accession level and supports the three groups observed in the Bayesian analysis (Figure 3) . The high levels of genetic structure found in the chili pepper landraces might be due to particular biological characteristics of the species such as the predominantly autogamous reproductive system, short life cycle, and dispersal ability of pollen; or due to inbreeding [30, 31] , all aspects that may promote isolation by distance and interspecific variation as a result of mutation, genetic drift and the selection pressure exerted by farmers for different growing conditions. These results are similar to those of Albrecht et al. [32] in a study of varieties of C. baccatum (var. baccatum, var. pendulum, var. praetermissum, var. umbilicatum); the greatest variation occurred among the populations (75%), not within populations (25%), indicating that although the populations are of the same species, variation can be high among the populations. On the other hand, in a study of the diversity and genetic structure of wild populations of Capsicum annuum var. glabriusculum and cultivated populations of C. annuum var. annuum in northeastern Mexico, Hernández et al. [33] and Oyama et al. [34] found that genetic variation was equally distributed between and within the accessions.
Genetic Relationships between Nine Accessions of Capsicum Species Landraces from the Yucatan Peninsula
The results of the UPGMA and PCoA showed a general grouping according to the three groups observed in the Structure results. Although C. annuum, C. chinense and C. frutescens belong to the same genetic complex, the results generated by the dendogram and PCoA (Figures 4 and 5 ) in this study demonstrate that the three species can be differentiated. Intraspecific genetic differentiation among seven species of Capsicum, including the C. annuum complex, was also reported by Jarret [35] using eight chloroplast DNA introns (cpDNA). However, Yumnam et al. [36] , in a study of landraces of Capsicum species in northeastern India, using SSR and SNP markers did not find any genetic differentiation between C. annuum and C. chinense species and suggested the need to use a specific marker for the species. The discrepancies observed between the results of Yumnam et al. [36] and the results of the present study with respect to the level of differentiation between the species C. annuum and C. chinense can be explained by the use of different markers. Rai et al. [37] suggested that the lack of polymorphism for SSRs markers between genotypes of Capsicum may limit their application for Capsicum. Regardless of the type of marker used, the level of differentiation observed in this study can also be attributed to the degree of domestication of the species under study, as reported by Camacho-Peréz et al. [38] and Martínez-Castillo et al. [39] for cultivated landraces of lima bean; ISSR markers have a higher level of polymorphism compared to SSR markers in cultivated varieties. The formation of the subgroup that contains the landraces Bobo, Dulce and Xcat'ik2 strongly supports the suggestion of González et al. [40] that Bobo is a progeny from a spontaneous cross between Xcat'ik and Dulce landraces and validates the existence of natural crosses between Capsicum species cultivated in sympatry [37] .
Mexico is the center of domestication and diversity for C. annuum, and the Yucatan Peninsula is an important area of diversification of this species, which may explain that the greater number of accessions of C. annuum compared to the other species in this study. The Rosita accessions (C. chinense), despite having separated from the rest, were genetically closer to Pico Paloma accession (C. frutescens) than to the rest of the accessions of C. annuum (Figures 4 and 5) . Eshbaugh et al. [2] suggested that C. frutescens is a primitive relative and predecessor of C. chinense; however, Baral and Bosland [41] determined that these species represent two isolated, distinct species. Despite this, several studies indicate a close relationship between C. chinense and C. frutescens [14, 19, 42] . Unlike the rest of the species, C. chinense does not have wild forms in Mexico; its origin and diversification center is believed to be the Amazon region [2] and to have been introduced to the Yucatan Peninsula from Cuba [40, 43] . Similarly, C. frutescens originated in South America [44] , but unlike C. chinense, wild and domesticated forms of C. frutescens can be found throughout Mexico.
Genetic Diversity of Nine Accessions of Capsicum Species from Yucatan Peninsula
Genetic diversity at the accession level was low, [6, 32] . This low level of genetic diversity may have been influenced by the autogamous mating system of the species. Independent of the mating system, these patterns of genetic diversity may also be due to the lower variation found in ex-situ germplasm collections compared to in-situ collections [34] or due to the domestication process, which leads to a reduction in genetic diversity, known as a bottleneck in crop species [45] . It is important to note that the Rosita and Xcat'ik1 accessions have lower levels of polymorphism and genetic diversity (%P = 0.00, I = 0.00 and H Bay = 0.00). This result may be due to the small number of individuals studied, which may indicate that the sampling was not representative of the genetic diversity present in the accessions or that the individuals sampled were monomorphic for the primers evaluated, or strong selection pressure might have been exerted on these two accessions by humans.
At the genetic group level, group 1 presented the greatest genetic diversity, perhaps because it included the most accessions (Bobo, Dulce, Maax, Verde, Xcat'ik1, and Xcat'ik2) of all the groups. However, despite having fewer accessions (two accessions: Bolita and Pico Paloma), group two had a genetic diversity value similar to that of group one, indicating that the accessions that formed this group present high levels of genetic diversity, and that the genetic diversity found for all accessions evaluated was high. This result is similar to that found by Lopéz-Espinoza et al. [9] for 60 landraces of Capsicum chinense from southern Mexico using three ISSR primers and were higher than those by Hanáček et al. [46] who reported an average polymorphism of 0.33 among 41 accessions of C. annuum.
Conclusions
The results obtained in this work contribute to our knowledge regarding the genetic diversity in Capsicum species in the Yucatan Peninsula by including for the first time accessions of chili pepper landraces collected in regions that had not been explored in previous studies. The results revealed that the accessions in the western Yucatan Peninsula have moderate levels of genetic diversity. The genetic structure of the accessions studied was high and consisted mainly of three genetic groups defined by the species to which each landrace belongs and not by geographical origin. Genetic diversity was distributed mainly among accessions. At the accession level, Pico Paloma had the highest level of genetic diversity, and Rosita had the lowest, because the selection pressure on this accession has been more intense and may thus be generating a bottleneck by domestication, putting it at risk of genetic erosion. The ISSR markers detected a high level of polymorphism and revealed the genetic differentiation of the C. annuum complex. Our results also indicate that the accessions collected in the western Yucatan (Calkiní, Campeche, Escárcega and Palizada) constitute a valuable genetic resource that can be used for genetic improvement and conservation programs both ex situ and in situ. These results will serve as a foundation for further studies to obtain more detailed information on the degree of domestication of the landraces of Capsicum in the Yucatan Peninsula. 
